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GLOSSARY

Anodic alumina oxide (AAO): a layer formed by anodization in an acid electrolyte at
temperatures (0 - 35˚C) and various anodizing potentials (30 – 65 V) (Zaraska, 2014)
Chemical etching: in this study, this is accomplished using both alkaline (e.g., sodium
hydroxide) and acid solutions. All machining oils, greases, and other surface
contaminants are removed prior to the anodizing sequence (Grubbs, 1999)
Electrolyte: aluminum parts are immersed to be anodized in an electrolyte which is a
substance that ionizes when dissolved in suitable ionizing solvents such as water, oxalic
acid, phosphoric acid, and sulfuric acid (Grubbs, 1999).
Microhardness: Measurement of microhardness is determined by using a device called an
indenter. The microhardness of anodic oxide film is measured using a Knoop indenter
where indentation length is measured and the value is converted to a hardness value.
(Aerts, 2007).
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ABSTRACT

Lim, Sangjoon. M.S., Purdue University, December, 2015. Effect of Control Parameter
of Anodizing Process on Mechanical Properties of Porous Anodic Alumina Oxide Film.
Major Professor: Dr. Qingyou Han, School of Engineering Technology.

The microstructure and microhardness of the anodic alumina oxide film, created by
anodization, were analyzed based on the data obtained through FE-SEM images. The
microhardness of AAO film deteriorated with increasing electrolyte temperature. The
porosity likewise increased with temperature. The observed microstructure including the
size of oxide grains and wall thickness enclosing oxide grains of AAO film led to
morphological characteristics. These results were caused by the effect of change in the
electrolyte temperature on the formation AAO film. Scanning Electron Macrographs
provided the microstructures, composed of increased oxide grain size and decreased wall
thickness of pores by increasing electrolyte temperature, created smooth morphological
features on the surface. Microhardness on the oxide film surface anodized at lower
electrolyte temperature has a high value while microhardness decreased with increasing
electrolyte temperature. Toughness on AAO film created at low temperature was also
higher than AAO film anodized at high temperature through surface cracks, resulting
from use of a Rockwell hardness indenter, occurred.
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CHAPTER 1 INTRODUCTION

Oxide films are naturally created on an aluminum surface due to the strong
chemically active characteristics of aluminum. While these films are limited in practical
use, anodic alumina oxide films fabricated artificially by electrochemical activation in an
electrolyte bath can be improved by controlling various parameters of an anodizing
process.
When an aluminum part is made, the anode in an electrolytic tank formed an
anodic oxide on the surface of the aluminum part. By using this process, called anodizing,
the surface of the aluminum metal becomes covered into a decorative, durable, anticorrosion, and abrasion-resistant coating with greater wear properties than the original
surface. The anodizing process requires a clean aluminum surface. Machining oils,
greases, and other surface contaminants must be removed prior to anodizing. If cleaning
of the aluminum surface is improper, this can lead to rejection of the anodized part. All
surface contaminants are removed by etching, which involved the chemical removal of
some of the aluminum surface using chemical alkaline and acid solutions. The exposed
time of this chemical pretreatment is one of the conditions that can influence the gloss
value on the aluminum surface. The electrolyte temperature can affect the quality of the
porous structure of the anodic oxide film as will be shown by examining the surface
topography of various samples under different preparation condition. Thus the purpose of

2
this study is to analyze the mechanical properties and microstructure of anodic alumina
oxide films created by controlling electrolyte temperature in the anodizing process.

1.1 Problem Statement
Anodizing is widely used to convert the surface of an aluminum part into
decorative, durable, and anti-corrosive finish. The anodic alumina oxide film created in
the anodizing process provides outstanding protection from surface damage. The
anodizing process conditions have enormous effects on the properties of porous anodic
alumina oxide film. There are many control parameters in the formation of the anodic
oxide film, including anodizing time, electrolyte temperatures, concentrations, and kinds.
Of course, electrolyte temperature control is important. The influence of electrolyte
temperatures on the mechanical properties of the porous anodic oxide film formed during
the anodizing process is evaluated in the study. Also in this study, emphasis is made to
determine the characteristics of anodic alumina film and the proper conditions to anodize
aluminum materials is based upon the different applications of the aluminum products.

1.2 Research Questions
What is the relationship between the electrolyte temperature as an anodizing
control parameter and the mechanical properties, microhardness and toughness, of the
anodic alumina oxide film?
What effect does electrolyte temperature have on the morphology of the anodic
alumina oxide film?
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1.3 Scope
There are many control parameters available to define the structure of the anodic
alumina oxide film during the anodizing process. This research was limited to electrolyte
temperature in anodizing as a control parameter during anodization. The electrolyte
temperature was applied in different ranges to evaluate the microhardness of the porous
anodic oxide film. Additionally, this research was limited in anodizing time and current
density for the different electrolyte temperatures applied. The thickness of the anodic
alumina oxide film is determined by anodizing duration and current density. In this study,
the alumina oxide film obtained the constant thickness range (18 - 22μm) regardless of
the different electrolyte temperatures used.
To demonstrate the effect of aluminum material type on the structure of AAO
film, employed materials were limited to pure aluminum and aluminum alloys (i.e., A356
and 6061). Roughness on the sample surface was created by mechanical polishing.

1.4 Significance
As mentioned, the purpose of this research was to examine how electrolyte
temperature as an anodizing control parameter affects the porous anodic alumina oxide
film formation. Most studies have considered the effect of control parameters on the
structure of the porous anodic oxide film during anodizing processes. However, this
research is providing the relationship between anodizing temperature and the morphology
of the AAO film. Additionally, by showing the result of mechanical property tests, the
research will allow engineers or researchers to obtain the optimized conditions of the
surface treatment of aluminum.

4
1.5 Assumptions
The assumptions in this study include:
•

Samples used in this study are annealed to remove the mechanical stress on the
aluminum surface.

•

All conditions for the anodizing process are constant except electrolyte temperature.

•

Prior to anodizing all greases, oils, and any surface contaminants are removed.

•

Equipment used in this study works properly.

1.6 Limitations
The limitations of this study are:
•

AAO films fabricated on the surface of all samples in the electrolyte have coating
thicknesses in the range of 20±2μm.

•

The porosity of AAO films are calculated using the FE-SEM with an error of 2% for
all samples.

•

Microhardness value of each sample is obtained by the mean value of a minimum
of 15 measurements.

1.7 Chapter Summary
This chapter introduced the aim of the research by explaining the scope of
problem statement and its significance. Assumptions and limitations were also defined to
help understand the effort of the research to improve the relevance of the purpose of the
research.
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CHAPTER 2 REVIEW OF LITERATURE

Many studies have investigated the mechanical properties of porous anodic
alumina oxide (AAO) film related to the control parameters used in anodizing processes.
There are several control parameters in anodizing processes to affect the formation of
AAO film and each factor is controlled artificially to obtain the proper aluminum surface
according to the purpose of use. Early research of AAO studied how the AAO is created
and used and the porous structures of AAO. The anodic alumina oxide film is created
from the aluminum material and is formed completely as an aluminum oxide, as
evidenced by the creation of alumina (Al2O3) pores (Zuidema, 2010). This chapter
provides insight into the understanding and examination of past experiments to evaluate
the porous anodic alumina oxide film by reviewing previous studies in this area.

2.1 History of Anodizing
The anodizing process is a common surface treatment for aluminum materials. On
the process, aluminum parts are connected to the anode and aluminum or a lead plate is
connected to the cathode in an electrolyte bath. By passing current between them, the
AAO film is fabricated in the electrolyte. Ju (2014) noted that many studies were
conducted to develop the anodizing processes by applying a wide variety of conditions
and variations. The history of creation of the AAO film by using an electrochemical
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reaction dates back to the early 1920s. Bengough first used anodizing based on chromic
acid as an electrolyte in order to improve the anti-corrosion on the duralumin parts of
seaplanes in the United Kingdom in 1923.After that, many studies were conducted to
demonstrate the structure and characteristics of AAO film by applying various types of
electrolytes and a wide range of conditions in the anodizing process. The oxalic acid
anodizing process used to produce architectural parts and was invented in Japan in 1923.
The sulfuric acid anodizing process, which is mostly used today, was first patented in
1927.An anodizing based on a phosphoric acid electrolyte, is used to improve the
adhesive quality of a surface in the pretreatment. It is the most recent invention in
anodizing.
The creation mechanism of the barrier type layer resulting from anodizing was
suggested by Thomas and Whitehead in 1931. They reported that aluminum substrate
reacted with water (H2O) to produce a hydrate resulting in creation of oxidation on the
surface.
In 1953, Keller showed that the oxide film created by electrolytes, such as sulfuric
acid (H2SO4), chromic acid (CrO3), phosphoric acid (HPO3), and oxalic acid (H2C2O4) is
composed of the barrier layer and porous type layer. He also showed that the size of
pores varies depending on electrolyte type and voltage. The thickness of the spot on the
surface, which has the effect of dissolution caused by the electrolyte, will be decreased.
Then, current will be focused on the spot to restore the oxidation while resulting in an
increase in temperature. The rate of dissolution of aluminum keeps increasing from the
increase in electrolyte temperature and the porous structure on AAO film is produced due
to the focus of the current to create local dissolution and oxidation.
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In 1963, Franklin conducted an experiment to measure the area of pores, size of
cells, and number of pores per unit area. His results were similar in trend with Keller’s
experiment. He also suggested that the direction to create pores on the surface during
anodizing is not only perpendicular to the surface of aluminum, but the direction is
different as the surface of aluminum changes during creation of porous structure.
In 1968, Dorsey found that the structure of pores has pores of varying radius, and
is caused by the type concentration of electrolyte. O’Sullivan and Wood suggested that
the porous layer and barrier layer are dissolved and transferred to the porous layer in their
research involving the creation mechanism of pores. They also demonstrated the current
density, voltage, and electrolyte temperature affect the thickness of the AAO film. They
also showed that the wall thickness, diameter of pores, and distribution of pores are
proportional to voltage.
In 1989, Murphy conducted an experiment involving the characteristics and
chemical elements on AAO film in order to understand the mechanism to obstruct the
creation of oxidation and the porous structure. He also found that the structure of porous
AAO films are composed of a complexed and fine (2.5-10nm) amorphous matrix.

2.2 Aluminum Characteristics
One of the characteristics of aluminum material is the outstanding corrosion
resistance resulting from creating alumina (Al2O3) film under the natural condition,
especially in application involving high quality aluminum which is over 99.9% as used in
oceanography and meteorology areas. Many kinds of surface treatment can be applied to
aluminum materials including the anodizing process. Anodized aluminum surfaces can be
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generated to yield a variety of colors, hardness, and anti-corrosion depending on the
purpose.
Finally, aluminum materials have a high volume shrinkage and a high coefficient
of linear expansion. It also has a limitation for use in high temperature application due to
its low melting point. Whereas the hardness of aluminum is low compare to steel under
the natural condition, anodizing aluminum materials can result in needed improvements
to the original metal.

2.3 Aluminum Alloys
There are various aluminum alloys depending on alloying elements and purpose
of use. The aluminum alloy designation system is classified into two types, namely,
wrought alloy and cast alloy. Each has non-heat treatable and heat treatable alloys. The
wrought alloy group has a variety of aluminum alloys and is identified with 4 digits
according to alloy compositions. Alloy composition has an effect on the anodizing film
color, potential difference, and thickness of film. Fe, which is one of alloy elements,
always partially exists as an impurity and impacts the color of the film during the
anodizing process. In the research, A 356 which is composed of a 7% Si, 0.3% Mg alloy
with 0.2 Fe and 0.10 Zn is shown to change to a little darker color on the surface of
samples after the anodizing.
The reflectance of the anodic alumina oxide film is known to increase with
increasing of Al purity. The amount of magnesium (Mg) of alloy is also proportional to
the luster regardless of the thickness of the AAO film. In general, the luster of AAO film
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decreased with an increase in the thickness of the film and with less Al purities, the more
the reflectance is reduced.

2.4 Anodic Alumina Oxide Film
An anodic alumina oxide film is formed on the surface of the aluminum when an
aluminum part is immersed in an aqueous solution of an electrolyte tank to react
chemically. Acidic solutions used as electrolyte include sulfuric, chromic, oxalic, and
phosphoric acids. However, sulfuric acid solutions are the most common (Grubbs, 1999).
The concentration and temperature of electrolyte are controlled to be determined the size
and density of the AAO film. It is important for researchers to evaluate numerically the
structure of the AAO film by using structural factors (e.g., the pore diameter (Dp), the
inter-pore distance (Dc), and the oxide layer thickness (θ)). Zaraska (2014) suggests that
there is a linear and exponential relationship between the structure of the AAO film and
the anodizing potential. The research concludes that the cell diameter is increasing
linearly when anodizing potential is increasing, whereas the density of the pores is
decreasing when anodizing potential is increasing. Throughout the electro-chemical
process, cylindrical shaped pores on the surface of the aluminum part are formed. These
have a very ordered arrangement.
An AAO film is composed of a close packed hexagonal lattice and each cell of
the lattice has a cylindrical shaped pore in the center (Nazemi, 2014). Nanostructure of
AAO film consists of fine pores with the diameter from tens to few hundred of
nanometers and with the thickness up to 100μm. The topography of the surface of
aluminum is examined in a field-emission scanning electron microscope (FE-SEM) and
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is useful when investigating the morphology of AAO film. Masuda et al. (2004) also state
that the array of concaves generated through anodizing of aluminum becomes a guide to
induce perpendicularly straight array channels with hexagonal shapes of diameter of
submicron order. Zaraska (2011) calculated the structure factors of AAO film based on
the FE-SEM images with image processor software (e.g., WSxM v. 12.0 and ImageJ).
The density of pore (ρ) and porosity of films (σ) are calculated from Eq.2.1 and Eq 2.2.
ρ
σ

(Eq 2.1)
(Eq 2.2)

The pore diameter, the inter-pore distance, and the layer thickness are dependent
of the condition parameters of the anodizing process. Chemical and electrical properties
of acidic solutions used as an electrolyte play a role to fabricate the highly ordered pore
on the oxidation. Nanotubes, nanowires, and nanodots, which are applied in the field of
semi-conductors, energy sensing, and biosensors are created from the porous structure on
the AAO template. These can be determined by the structural factors of AAO films.
When aluminum substrates are anodized, the AAO film, which consists of the
ordered arrangement of pores with the size in the (30 – 100nm) range, is produced on the
surface of aluminum. The porous structures of the AAO film are of interest due to the
highly ordered pore diameter, hexagonal shape, and their density as recently shown
(Poinern et al., 2011). Also, AAO films are used as a mold to produce the structure of
nanotubes or nanowires and are used for nano mask itself. The size of pores on the AAO
film can be varied by changing the anodizing conditions and thus the size of nanotubes or
nanowires can be modified. The substrate used to make nanowires is divided into metals,
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ceramics, and polymers. Metal nanowires are produced by synthesizing nanowires
throughout an electro-deposition process. These nanowires are suitable for use in the field
of ultra high density memory, high integrated circuit design, as nanoelectrodes for bio
sensing, and various electric components (Shin et al., 2007). Sadeghpour-Motlagh et al.
(2014) state in the research that a hexagonal shape pore of oxide layer produced by
electro-chemical reaction in an electrolyte cell is made up of three layers. These three
layers are divided into a gel-like structure, which is expressed in light gray and covers the
pore directly, and an outer layer and an inner layer that have a dark gray appearance.
When electro-chemical reactions occur in the electrolyte cell, anionic components
combine chemically on the surface of the aluminum including impurities. Each layer has
a different concentration of impurities. For example, gel-like structure is very high,
followed by an outer layer and an inner layer. In the experiment to demonstrate the effect
of NaOH on the production of nanowires after the anodization process, increasing NaOH
concentration increases the nanowire production significantly due to the different anionic
impurity concentration of each layer. AAO films also have great corrosion resistance and
other commercial desirable qualities (Diggle, 1969).

2.5 Control Parameters of Aluminum Anodizing
There are several control parameters that affect the formation of anodic alumina
oxide film in anodizing processes. Use of a chemical solution in the pretreatment step is
one of the control parameters because it has an effect on the luster of the aluminum
surface. The luster can vary depending on etching type (e.g., acid and caustic based on
sodium hydroxide), etching time, and concentration. Several studies show the result of
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using different control parameters in the pretreatment step. For example, Parson et al.
(2010) defined the influence of an acid etch and combined caustic etch method with
various durations of etching time. In this research, caustic etching gave a higher gloss
finish and metal removal, whereas increasing acid etching time resulted in a somewhat
lower gloss finish. Caustic etching is also highly sensitive to alloy composition whereas
acid etching is insensitive to each alloy composition.
Chemical etching is used not only to adjust the gloss but also as a cleaning agent
on the aluminum surface. It is important to remove machining nicks, greases, scratches,
and other contaminants on the surface of aluminum in the pretreatment step. Nonetching
type chemical solutions or deionized water using ultrasonic waves are used to remove
surface greases and oils. Caustic etching solutions based on sodium hydroxide are used to
deoxidize the natural aluminum surface because deoxidization helps the aluminum
surface to be properly anodized in the electrochemical processes by making the oxide
film conductive. According to Savas et al. (2008), who identified to affect pitting
corrosion on 7075-T73 aluminum alloy, high-pH caustic solutions and low-pH acidbased deoxidizers were shown to be the cause of corrosion damage on the surface in the
pretreatment step. High-pH caustic had the greatest impact on corrosion damage
compared to other solutions (e.g., liquid degrease, alkaline cleaner, and acid-based
deoxidizer). Caustic etching solutions are not recommended when anodizing aluminum
products without consideration of external design qualities. However, it is necessary to be
used to remove the natural oxide and contaminants on the surface in commercial
applications where appearance is considered to be an important design factor.
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Chemical polishing or electrobrightening (electropolishing) is necessary to
fabricate a highly lustrous surface of aluminum in a pretreatment step for anodizing. The
electrobrightening treatment enables AAO films to form a highly ordered nanoporous
arrangement with hexagonal shapes even though surfaces are applied different surface
features depending on different electropolishing treatments. In the study of Wu et al.
(2002), aluminum substrates with different surface features fabricated by different
polishing treatments have an effect on the formation of a nanoporous arrangement on the
AAO film. The structure of the AAO film anodized after mechanical or chemical
polishing consists of various pore shapes and has limitation of prevalent size. On the
contrary, electropolished aluminum substrate has a more ordered nanoporous structure
and mainly, a size of 2-4μm after anodization.
Aluminum parts create anodic alumina oxide films on the surface of the
aluminum when aluminum parts are immersed to connect the anode bar in an electrolyte
tank. The structure of AAO films are characterized by the electrolyte temperature and
concentration, anodizing time, and voltage in the anodizing processes. Oxide layers that
have numerous pores are produced when the anodic oxide layer on the surface of
aluminum is dissolved a little in the electrolyte cell. The electro-chemical reaction in the
electrolyte cell becomes an important variable control factor to create the pores of the
coating on the aluminum surface. It allows the aluminum products to be colored or to
improve surface strength inside the pores of the anodic oxide film. Thus the structure of
the AAO film is considered to be an important factor to determine the characteristic of
the surface of aluminum. The effect of the size and thickness of AAO films on
mechanical properties of aluminum substrates was demonstrated by many studies.
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Rahimi et al. (2009) showed that the highly ordered porous structure was obtained at a
duration of 3 h in a two-step anodizing process. Two-step anodizing is divided into a first
and second anodization process to get a more ordered porous anodic oxide film. The
second anodization process involves dissolving away (striping) the oxide layer. In that
study, after the first anodizing with 40 V at 17˚C for 15h, the second anodization was
carried out between 1 and 6 h. In theory, increasing anodizing time for the second
anodization induces more ordered anodic oxide layer. However, the optimum time was 3
h due to the fact that excessive striping can result in damage on the surface of the
aluminum.
Electrolyte temperature is also an important control parameter that as an influence
on the formation of AAO films. Temperature must be controlled tightly to obtain a
consistent quality. Today, many aluminum product manufacturers install temperature
control to respond to mass production demands. This is because heat generated during the
anodizing process has an influence on the quality of the anodized parts. To control
temperature in an electrolyte cell, lead cooling coils, heat exchangers, or acid spargers are
used. Also, heat exchangers have a benefit of agitation that is working with the intake and
outlet piping. It helps temperature to be managed within slight variations (Grubbs, 1999).
When the electrolyte temperature is increased, the oxidation becomes active to make a
more porous AAO structure, while the hardness and gloss value of the surface are
reduced. Aerts et al. (2007) showed the effect of the electrolyte temperature on the
structural features and mechanical properties of porous AAO film through an experiment.
The research, based on a sulfuric acid anodizing electrolyte with temperatures in a wide
range from 5˚C to 55˚C, demonstrated that the microhardness of the AAO film decreased
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when the electrolyte temperatures increased while the wear resistance, which unchanged
between 5˚C and 25˚C, decreased with increasing electrolyte temperatures to 55˚C.
Weakening of the microhardness by increasing electrolyte temperature is related to the
porosity on the AAO film. The wear resistance, on the other hand, is not affected only the
oxide porosity but is also related to characteristics of the oxide membranes. Other
research by Theohari and Kontogeorgou (2013) revealed the effect of the presence of
magnesium composition of an aluminum alloy (AA5052) on the formation of AAO film
by changing the electrolyte temperature. The porosity of AAO film produced from AA
5052 remained constant at 10˚C, then it decreased with increasing temperature whereas
the porosity of an AAO film on pure aluminum sustained similar conditions as the
electrolyte temperature increased. This result shows that the influence of magnesium
composition in AA5052 works to impede AAO film from growing. Zaraska et al. (2013)
evaluated the effect of electrolyte temperature on pore diameter and interpore distance of
nanoporous structure on an anodic alumina oxide film. The pore diameter and pore
distance of AAO were increased with increasing anodizing temperature while the
interpore distance was independent of the anodizing temperature. The anodizing potential
is a main factor to influence interpore distance in AAO.
Higher concentration of electrolyte acid solutions in the anodizing process
produces a more porous coating on AAO films as well as higher temperature. A study by
Nazemi et al. (2014), dealing with high purity aluminum anodizing in an oxalic acid
electrolyte involved at three kinds of experiments, with anodizing times (2, 5, 10 and 20
hours), voltages (30, 40 and 50V), and electrolyte concentrations (0.2, 0.3 and 0.4 M
oxalic acid). The experimental results shows that pore size of AAO plates was not
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remarkably changed in each anodizing time. However, there were significant effects of
voltage and electrolyte concentration on the pore size of AAO. The diameter of the pores
was increased by increasing the applied voltage whereas the pore size was decreased with
increase in the electrolyte concentration. From the study by Montero et al. (1985),
increasing concentration of an electrolyte increases the growth rate of oxide during the
anodization. Thus, it is concluded that the higher the concentration of the electrolyte, the
more the oxidation generated compare to dissolution.
It is useful to observe the morphology of the AAO film in order to determine the
function of control parameters when controlling the thickness of the AAO film. As
mentioned previously, the pore diameter, the inner-pore distance, and the oxide barrier
layer thickness of the AAO film structure have been widely investigated through many
studies. The study conducted by Christoulaki et al. (2014) examined the relationship
between current density and the growth rate of porous alumina membranes (PAMs). It
showed that the thickness growth rate of anodized porous alumina membranes (PAMs)
increases linearly with current density. Wu et al. (2002) also concluded that decreasing
current density induces the relatively decreased pore density and the growth rate of the
oxide. Bellemare et al. (2014) shows the relationship between the anodization voltage and
the pore interval as the higher voltage makes the pore interval increase linearly. This is
due to the fact that increasing voltage is an impediment to growth of the porous anodic
alumina (PAA) membrane. Decreased concentration to protect the aluminum from
burning by increasing voltage also plays a role to restrain the widening of the PPA
membrane spaces.
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2.6 Mechanical Properties of AAO Film
The surface of aluminum can be converted into a decorative, durable, anticorrosive, and abrasion-resistant coating with great wear properties by anodizing
processes. These properties can be varied depending on the anodizing conditions. As
described previously, there are studies that demonstrate the influence of anodizing
conditions on mechanical properties of the porous AAO films. Li et al. (2005) conducted
an experiment to assess mechanical properties, including corrosion resistance and the
coatings hardness of Al-Si alloy after hard anodizing, anodizing, and modified anodizing.
Hard anodizing is conducted at a lower temperature and a higher voltage compared with
anodizing and modified anodizing which use a more environmentally friendly process.
From that research, each oxide coating from the three anodizing methods has
significantly lower corrosion potential than the original Al-Si alloy. As for microhardness,
the oxide coating from modified anodizing has a lower surface hardness due to a thinner
oxide film while the cross-section hardness is similar for all three anodizing processes.
According to the study by Cheng and Ngan (2013), the in situ hardness, which measured
the oxide membrane in the electrolyte during the anodization process, is far lower than
the ex situ hardness, which measured the oxide membrane in the electrolyte with the
anodic current turned off. High compressive stress and electrical properties occurred in
the interface between the metal and the oxide. This reaction plays a role to produce in situ
softening. Al ions at the metal and oxide interface also develop sufficient speed to move
into the Al substrate.
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2.7 Chapter Summary
Previous studies related to the anodizing process were introduced throughout the
review of literature. The oxide coating on the aluminum substrate is produced by the
anodization process and the oxide has highly ordered array pores with hexagonal shapes.
Due to the nanostructure of the porous AAO film, the membranes are used in various
applications. The characteristics of the AAO film depend on the structure of oxide
including the diameters, the thicknesses, and density. From numerous previous studies,
structures of AAO films can be fabricated by controlling parameters such as chemical
solution concentration and time, electrolyte temperature and concentration, anodizing
time, current density, and voltage according to the design purpose of the oxide layer. In
the pretreatment step, the selection of an acid etching or caustic etching solution plays an
important role. Etching provides not only the cleaning of the surface of the aluminum but
also has an influence on the luster. Some studies show how each chemical solution
function affects gloss value. The condition of the surface of aluminum is an important
factor to influence the result of the anodization process. As-received, mechanical
polished, chemical polished, or electropolished finishing of the surface of aluminum
before applying the anodization process can change the structure of the AAO film.
Additionally, in the anodizing process, there are several control parameters that can affect
the anodizing outcomes. Temperature, concentration and pH of electrolyte, anodizing
time, and voltage need to be carefully considered in order to generate the proper AAO
film. Finally, mechanical property tests to determine effect of corrosion, luster, and wearresistance of the AAO film are described. This chapter covers the literature of many
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experiments based on quantitative researches as well as grounded theory involving
aluminum materials.
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CHAPTER 3 RESEARCH METHODOLOGY

The purpose of this study is to demonstrate the effect of anodizing temperature on
the formation of the porous anodic alumina oxide film. The electrolyte temperature, as
one of the anodizing control parameters, was considered to impact the morphology of
AAO film. In this study, the influence of the control parameters on the formation of AAO
film was evaluated with the measurement of microhardness on the surface of aluminum.
The structure of porous AAO film created by the anodizing process and topography of
each sample were assessed using a field-emission scanning electron microscope (FESEM). Microhardnesswas measured by a microhardness tester based on Knoop hardness.
Microhardness and the microstructure of the AAO film, including oxide grains size and
wall thickness enclosing oxide grains, were the dependent variables and the temperature
of the electrolyte was the independent variable in this study.

3.1 Hypothesis
The study in this thesis involves the bellowing:
H01: There is no effect of the electrolyte temperature on the formation of the porous
anodic alumina oxide film.
HA1: There is an effect of the electrolyte temperature on the formation of the porous
anodic alumina oxide film.
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3.2 Testing Methodology
3.2.1 Materials for Test
Samples, which are pure aluminum and aluminum alloys (6061 and A356) were
prepared to be anodized over a wide electrolyte temperature range. The dimension of the
test samples are 20 x20 mm. Before anodizing, the surface of samples was polished
mechanically.

3.2.2 Pretreatment
After mechanical polishing of the surface, samples were immersed for 180S in a
degreaser which produced by Caswell Inc., to remove machining oils, greases, and any
other contaminants on the surface. The samples were then caustic etched based on a 75
g/l sodium hydroxide solution for 120S. In this pretreatment step, contaminants including
residual oils and grease and natural oxide membranes on the surface of aluminum were
removed. Desmutting by immersing in a 1:1 concentrated HNO3:H2O solution for 180S
was next conducted to eliminate a smut which was left on the aluminum surface after
etching. Aluminum 6061 samples had lots of blackish materials on the surface after the
etching step was completed. Rinsing was thoroughly made after each step.

3.2.3 Creation of AAO Film
After the pretreatment step, samples were immersed in a sulfuric acid as an
electrolyte with a 150 g/l H2SO4 solution. The experiment was conducted at all other
parameters held constant. The electrolyte temperatures varied from 20°C to 40°C in 10°C
steps using a heat exchanger. In this research, the galvanostatic method, which features
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an anodizing process at constant current density, was used. The applied current density
was 2A/dm2. Rinsing with deionized water and drying of each sample was thoroughly
done after anodizing. Thickness of the porous AAO film was calculated based on current
density and anodizing duration in order to obtain a thickness of 15μm or more. It is
important to apply the microhardness test on the region of 18 - 20μm. The calculation of
AAO film thickness (T) is based on the empirical formula as seen in Eq 3.1:
(Eq 3.1)
where was set at K=0.3
In this research, anodizing duration was set at 30 min. to get constant range of thickness
with constant current density.
The anodization created an anodic alumina oxide film following the procedure
shown schematically in Figure 3.1 on page 23. The experimental devices of the
anodization system used in the research are displayed in Figure 3.2 on page 24. Ice packs
were used to maintain the stability of the desired anodizing temperature in the electrolyte
bath where heat was generated due to the electro-chemical reaction between the
electrolyte and aluminum material.

23

Figure 3.1 Schematic diagram of aluminum anodizing process
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1. Rectifier

2. Electrolyte bath

3. Heater and agitator

4. Refrig. Bath

5. Cathode (Pb plate)

6. Anode (Aluminum)

7. Digital Thermometer

8. Electrolyte (Sulfuric Acid)

Figure 3.2 Experimental devices of anodization system

25
3.2.4 AAO Film Structure Observation
Morphology of the porous AAO film was analyzed using the FE-SEM. Scanning
electron micrographs were analyzed in order to obtain the porosity by using the ImageJ
software. Porosity was calculated using the area occupied by the pores seen in black on
FE-SEM images, as a percentage of the total area.
AAO film created by anodizing process is non conductive. It is important to
improve conductivity on AAO film to observe the structure of pores on it by using FESEM because AAO films are composed of pores with few tens through hundreds
nanometers in diameter. FE-SEM is used to observe specifically the surface through the
conductivity of samples. In general, AAO film is non conductive. Thus, in this study, a
conductive coating of Au-Pd added a few nm to the sample surface. The thickness of the
conductive coating is proportional to the coating time, and 20 – 30 sec. of coating time is
set as an optimum value of thickness for the observation of structure of AAO film with
the plasma current, 18mA.

3.2.5 Hardness Measurement
The microhardness test of the samples made at the different electrolyte
temperatures was processed on a LECO LM-100 microhardness tester using a Knoop
hardness measurement scale, as seen in Figure 3.3 on page 27. A load of 300gf with a
dwell time 15s were applied. The indentation length on the samples was observed
through the eyepiece. Measurements of microhardness of AAO film were repeated 15
times to improve reliability. The indentation length and load are used to calculate the
Knoop hardness number using the following equation:
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(Eq 3.2)
where P is force and d is length of long diagonal and HK is the Knoop hardness
The Rockwell hardness tester was also used. The Knoop Microhardness test was
used to verify the relationship between the pore size and electrolyte temperature while the
Rockwell hardness test was used to determine the degree of crack and film destruction on
AAO film. In this study, a 60kgf load with 1/8" ball penetrator was used to create cracks
on the AAO film under the Rockwell hardness H scale. The total length of the cracks on
AAO film was calculated by using Eq 3.3.
(Eq 3.3)
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Figure 3.3 LECO LM-100 micro hardness tester
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3.3 Data Analysis
The data collected through the FE-SEM was used to analyze the structural
characteristics of AAO film of each sample. Pore density and porosity of AAO film are
calculated from pore diameter and inter pore distance obtained through FE-SEM.
Mechanical property of the porous AAO film was also analyzed from data measured in
microhardness. The data of the structure of AAO film of each sample and microhardness
test were analyzed to determine the influence of electrolyte temperature on the formation
of AAO film. The data, including diameter and structure of AAO film from FE-SEM,
were used to develop the relationship between AAO film and anodizing temperature and
its effect on the AAO film.

3.4 Chapter Summary
This chapter has provided a description of the experimental processes and
measurement instruments that employed in this research. A mechanical property tester
was used to reveal the relationship between the control parameter of anodizing and the
formation of AAO film. By employing the electron microscope, measured morphology of
AAO film was used to observe the trend of the change in oxide grain size as a function of
the change in the temperature of the electrolyte.
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CHAPTER 4 RESULTS

4.1 Pure Aluminum
4.1.1 Coating Thickness Measurement
Current density (A/dm2) and duration (min.) of the anodization process have
influence on the thickness of AAO film. As mentioned, the galvanostatic method is used
to create on electrochemical reaction in the anodizing process. In a 15 % H2SO4
electrolyte solution, the aluminum surface was dissolved and oxide growth was
controlled by current density and duration. By applying same current density, 2A/dm2 and
duration, 30 min., the thicknesses of AAO film obtained a constant range. In this research,
thicknesses of AAO film created at temperatures between 20°C and 30°C were measured
to range from 20 to 22μm while the thickness formed in an electrolyte at a temperature of
40°C was 18 through 20μm. Each sample was mounted with polymer powder in
mounting machine with high temperature and pressure and thicknesses were measured on
the cross section of the AAO film. Thicknesses of AAO film on pure aluminum which
formed at different electrolyte temperatures were measured using an optical microscope.
Micrographs showing the film thickness are shown in Figure 4.1 on page 30. It is
considered important to ensure that a large enough film thickness at the three
temperatures is generated in order to properly measure microhardness.
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Figure 4.1 Micrographs of AAO film cross section of pure aluminum with different
electrolyte temperatures, a) 20˚C, b) 30˚C, c) 40˚C.
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4.1.2 Microstructure Observation
Figure 4.2 on page 33 shows the microstructure of an AAO film created on pure
aluminum surface with electrolyte temperature of 20˚C, 30˚C, and 40˚C respectively. The
AAO film surface fabricated at 20°C has a more compact structure composed of small
holes and a pronounced thick grain boundary on the oxidation film. In contrast, the
structures of AAO film formed under electrolyte temperature of 30°C and 40°C were
relatively organized with large pores and a thin pore wall. According to Figure 4.3 on
page 34, the size of grain on AAO film is increased with increasing electrolyte
temperature. The structure at 20˚C has a thicker wall between grains and distinctive
smaller grains compared to the other surfaces of AAO film at the higher electrolyte
temperatures. The wall thickness between grains on the sample surface, which were
anodized with the electrolyte temperature at 40˚C, shows an unclear boundary. This
means that adjacent grains merged together with increasing electrolyte temperatures.
Scanning electron micrographs of AAO film surfaces indicate that pore widening and
merging occurred as the electrolytes increased. It is considered that increasing pore
diameter size was caused by increasing the dissolved rate of aluminum through the
electrolyte. Moreover, the activity and mobility of ions increased at high electrolyte
temperatures. It also increased the rate of pore opening and widening. Additionally, an
increased electrolyte temperature has an effect on porosity of AAO film by decreasing
wall thickness between grains.
Figure 4.4 on page 35 shows the calculated porosity at the three electrolyte
temperatures. The surface porosity increased with increasing electrolyte temperature.
This tendency of increasing porosity indicates that the porosity increased with a gradual
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slope between 20˚C and 30˚C, while it is followed by a noticeable increase in slope in the
temperature range 30˚C to 40˚C. It is concluded that the rate of dissolution of aluminum
material, which decrease the wall thickness between grains, increases the porosity of the
porous AAO film.
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Figure 4.2 FE-SEM images of structure of AAO film of pure aluminum with different
electrolyte temperatures, a) 20˚C, b) 30˚C, c) 40˚C.
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Figure 4.3 Changes of oxide grain size on AAO film during anodizing process with
different electrolyte temperatures.
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Figure 4.4 Changes of porosity on AAO film during anodizing process with different
electrolyte temperatures.

36
4.1.3 Morphology of AAO Film
According to Figure 4.2 page on 33, each sample has a different microstructure on
the pure aluminum surface at the three electrolyte temperatures. Various patterns can be
seen in the grains on the surfaces of the samples which were anodized with an electrolyte
temperature of 30˚C and 40˚C. It could be noted that the higher the electrolyte
temperature is, the smoother the surface is. Figure 4.5 on page 37 presents the
morphological features observed by FE-SEM on the cross sections of each sample with
different electrolyte temperature. The morphology on the pure aluminum sample surface
created at the lower electrolyte temperature has a rougher surface. Observation of the
detailed structure of cross section was not possible due to the crack that occurred at the
polymer-oxide interface. However, the boundary between the aluminum substrate and the
anodic alumina oxide film was clearly detected for all temperatures. The morphology of
AAO film fabricated at the lower temperature was considerably uneven compared to the
higher temperature samples. Also, it was considered that the grain size has a certain
relationship with the morphological characteristics of AAO film. As previously
mentioned, at the measuring diameter and porosity of AAO film, the ionic activities,
especially anion on the aluminum material in the electrolyte bath, make the electrical and
chemical reaction with greater activity with increasing temperature. This affects the
morphology and hardness on AAO film.
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Figure 4.5 FE-SEM images of AAO film cross section of pure aluminum with different
electrolyte temperatures a) 20˚C, b) 30˚C, c) 40˚C.
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4.1.4 Hardness and Toughness of AAO Film
Figure 4.6 on page 40 shows a plot of microhardness based on Knoop Hardness
vs electrolyte temperature. Here, microhardness decreased with increasing electrolyte
temperature. One interesting finding in the results was that the microhardness decreased
faster in the temperature range 20°C to 30°C compared to the range 30°C to 40°C. This
behavior can be related to the diameter of grains on the AAO film. It was found that by
using FE-SEM increasing the electrolyte temperature led to an increase in diameter of the
grains and reduced the wall thickness between pores. As previously noted, increasing
electrolyte temperature results in increasing diameter of the grains on the AAO film and
in consequence, affects the size of wall enclosing grains. Also the increased rate of
dissolved aluminum caused by increasing the electrolyte temperature reduces the surface
hardness.
The wall thickness which decreased by the increasing the diameter of the pores
results in a lower microhardess by making contacted area with the indenter smaller. This
is because there is a lack of the area to support the indenter on AAO film. Figure 4.7 on
page 41 clearly shows the length of the indentation on the AAO film.
Rockwell hardness tests were applied to each sample to observe the effect of the
presence of the crack on the AAO film. It was found that the degree of crack resulted
from the external load and was different depending on the electrolyte temperature. In this
study, 60kgf load of 1/8" ball penetrator was used to create the cracks on the AAO film
under Rockwell hardness H scale. Figure 4.8 on page 42 shows the crack pattern on the
AAO film. It appears spread out like the spokes of a wheel with the indentation as the
hub in the temperature range of 20°C to 30°C. On the other hand, the crack on AAO film
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with the electrolyte temperature at 40°C was found to be less than a few hundred
micrometers around the indentation. From the microstructure, it is considered that the
combination of diameter of grains, porosity, and the thickness of AAO film generated
during anodization have an effect on the toughness of oxide film. From Figure 4.9 and
4.10 on page 43, the relationship between the electrolyte temperature and crack formation
is shown. The number and total length of cracks created on the AAO film at 40°C was
remarkably lower than those in the temperature range 20°C to 30°C. The results show
that the higher electrolyte temperature, the softer the AAO film that was obtained.
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Figure 4.6 Changes of microhardness of AAO film of pure aluminum with different
electrolyte temperatures.
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Figure 4.7 Knoop indentations on AAO film of pure aluminum with different electrolyte
temperatures of a) 20˚C, b) 30˚C, c) 40˚C.
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Figure 4.8 Micrographs of cracks on AAO film of pure aluminum through Rockwell
hardness. Electrolyte temperatures of a) 20˚C, b) 30˚C, c) 40˚C.
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Figure 4.9 Changes of number of cracks on AAO film of pure aluminum through
Rockwell hardness.

Figure 4.10 Changes of total length of cracks on AAO film of pure aluminum through
Rockwell hardness.
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4.2 Aluminum Alloy A356
4.2.1 Coating Thickness Measurement
Current density (A/dm2) and duration (min.) of anodization process have an
influence on the thickness of AAO film. As previously mentioned, the galvanostatic
method is applied to generate the electrochemical reaction at the three electrolyte
temperatures. In an electrolyte a 15 % H2SO4, aluminums are dissolved and the rate of
oxide growth is controlled by current density and duration. By applying the same current
density of 2A/dm2 for duration, 30 min., the developed thicknesses of the AAO film are
constant. In this research, thicknesses of AAO film created in the range 20°C and 30°C
were found to be 20 through 22μm while the thickness formed in the electrolyte
temperature at 40°C was 18 through 20μm. Each sample was mounted with polymer
powder in a mounting machine with high temperature and pressure and thicknesses were
measured on the cross section of the AAO film. Thicknesses of samples with different
electrolyte temperatures were obtained on the optical microscope and are shown in Figure
4.11 on page 45. To ensure good microhardness readings, care was taken to generate an
acceptable coating thickness at the different electrolyte temperatures.
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Figure 4.11 Micrographs of AAO film cross section of A356 with different electrolyte
temperatures, a) 20˚C, b) 30˚C, c) 40˚C.
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4.2.2 Microstructure Observation
The microstructure of A356 the sample with applied mechanical polishing on the
surface is illustrated in Figure 4.12 on page 47. It is interesting to note that it is quite
similar to the microstructure of pure aluminum shown in Figure 4.2 on page 33. The
structure of oxide grains generated at an electrolyte temperature of 20°C is dense with
small grain size and thick grain boundary. On the other hand, the oxide films formed
under electrolyte temperatures 30°C and 40°C were composed of large size grains.
Moreover, there was a distinct difference between microstructure features at 30°C and
40°C. The boundary of oxide grains created at 40°C appears to have partially vanished
while the surface at 30°C was shown with a definite boundary between oxide grains. The
pattern shown in the oxide grain created at 30 °C is considered the nanostructure of the
oxide film. The result shows that the condition of electrolyte temperature of 30°C leads to
produce the nanostructure on the aluminum surface.
The microstructure on AAO film shows that the size and porosity of the oxide
grain were increased with increasing electrolyte temperature, as seen in Figure 4.13 and
4.14 on page 48 and 49. Both changes in the range of 30˚C to 40˚C indicate a definite
pattern of increasing. As described above, the structure of an AAO film developed at
higher temperature was thin with pore widening and opening and a merging of the wall
between oxide grains. Clearly, the temperature of electrolyte becomes one of the factors
that affect the structure of the AAO film. Controlling the electrolyte temperature leads to
generation of a distinct AAO film pattern with characteristics that may or may not be
acceptable to the designer.
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Figure 4.12 FE-SEM images of structure of AAO film of A356 with different electrolyte
temperatures, a) 20˚C, b) 30˚C, c) 40˚C.
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Figure 4.13 Changes of oxide grain size of AAO film during anodizing process with
different electrolyte temperatures.
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Figure 4.14 Changes of porosity on AAO film during anodizing process with different
electrolyte temperatures.

50
4.2.3 Morphology of AAO Film
Even though there were cracks between the AAO films and the polymers due to
the high pressure during the mounting, the morphological features on the oxide film
created on A356 are clearly shown in Figure 4.15 on page 51. Each sample has a constant
oxide film thickness. The oxide film surface fabricated at temperature 20˚C has an even
surface while the surfaces in the range of 30˚C to 40˚C were a little rough, relatively. The
results indicate that the morphological characteristics are related to the microstructure of
the AAO film. The microstructure including the grain size and the wall thickness
enclosing grains has a definite effect on the morphological characteristics. The surface,
which features pore openings and a widening under the higher temperature due to the
stronger electrochemical reaction, has an uneven surface. Overall, FE-SEM images of the
cutting plane for each A356sample with different electrolyte temperatures show that the
surface produced at the lower temperature has a thicker and smoother AAO film
composed to that at the higher temperature.
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Figure 4.15 FE-SEM images of AAO film cross section of A356 with different electrolyte
temperatures a) 20˚C, b) 30˚C, c) 40˚C.
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4.2.4 Hardness and Toughness of AAO film
Figure 4.16 on page 53 shows the relationship between microhardness based on
Knoop Hardness and electrolyte temperature. Microhardness on AAO film was found to
increase with reduction in electrolyte temperature. By increasing the size of grains on
AAO film, the microstructure on AAO film resulted in a lower hardness at the higher
electrolyte temperatures. Figure 4.17 on page 54 shows FE-SEM images that illustrate
that the length of the indentation on the AAO film is increased with increasing the
electrolyte temperatures. The changes in the oxide grain size resulting from changes in
the electrolyte temperature clearly have an effect on the hardness on the AAO film.
Cracks on the AAO film resulting from the Rockwell hardness test demonstrated
that the oxide films produced under different electrolyte temperatures were distinguished
by differences in the degree of crack even though the same load was applied on each
surface. This is shown in Figure 4.18 on page 55. The cracks created on the oxide film at
20°C and 30°C had similar patterns indicating a straight line shape with the indentation
as a center. In contrast, the type of cracks on the AAO film created at electrolyte
temperature 40°C were shorter and stayed around the indentation. Numbers and total
length of cracks developed on the AAO films show a similar tendency when hardness test
results are analyzed. Figures 4.19 and 4.20 on page 56 show the general trend of crack
occurrence on AAO film. The cracks on the sample surfaces anodized at 20 and 30°C are
long and clearly visible, while the total length of cracks on the oxide surface at 40°C was
noticeably lower.
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Figure 4.16 Changes of microhardness of AAO film of A356 with different electrolyte
temperatures.
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Figure 4.17 Knoop indentations on AAO film of A356 with different electrolyte
temperatures of a) 20˚C, b) 30˚C, c) 40˚C.
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Figure 4.18 Micrographs of cracks on AAO film of A356 through Rockwell hardness.
Electrolyte temperatures of a) 20˚C, b) 30˚C, c) 40˚C.
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Figure 4.19 Changes of number of cracks on AAO film of A356 through Rockwell
hardness.

Figure 4.20 Changes of total length of cracks on AAO film of A356 through Rockwell
hardness.
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4.3 Aluminum Alloy 6061
4.3.1 Coating Thickness Measurement
Each thickness of AAO films fabricated at the different electrolyte temperatures
was measured on the cross section by using polymer mounting. By holding the current
density (A/dm2) and anodizing time (min.) with for each sample constant, a constant
thickness was obtained. For this study, current density, 2A/dm2 and duration, 30 min.,
were applied and the coating thickness for each sample was measured, as see Figure 4.21
on page 58. By applying the galvanostatic method, anodization was processed using an
electrolyte of 15 % H2SO4. Here, the surfaces were dissolved to create the AAO film in
the electrolyte bath. The results show that a thickness of 20 to 22μm was obtained in the
range of 20°C to 30°C while the thickness formed in the electrolyte temperature of 40°C
was measured in the range of 18 through 20μm.
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Figure 4.21 Micrographs of AAO film cross section of A6061with different electrolyte
temperatures, a) 20˚C, b) 30˚C, c) 40˚C.
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4.3.2 Microstructure Observation
Figure 4.22 on page 60 displays the structure of an AAO film created on an
aluminum alloy 6061 sample containing magnesium and silicon, with electrolyte
temperatures of 20˚C, 30˚C, and 40˚C respectively. The size of oxide grain of AAO film
formed at electrolyte temperature 20°C was small and the wall enclosing the oxide grains
was thick. On the other hand, the microstructures of AAO film for electrolyte
temperatures between 30°C and 40°C show a structure composed of large size grains and
a thin boundary. Also, some of the walls between the oxide grains on the AAO film at
electrolyte temperature of 40˚C were merged together. The AAO film surface produced at
an electrolyte temperature of 30˚C had a distinct pattern in each oxide grain similar to
that of pure aluminum and A356 samples. One of the more obvious findings to emerge
from this study is that the nanostructure is produced at an electrolyte temperature of 30˚C.
The electrolyte temperature plays a role that affects the forming of the nanostructure on
the oxide film during the anodization process. According to Figure 4.23 on page 61, the
size of oxide grain increased with increasing electrolyte temperature. The microstructure
of the AAO film of aluminum alloy 6061 generated at lower temperature follows the
tendency which the structure of AAO film exhibits at lower electrolyte temperature, that
is, it has a thicker wall enclosing the grains and a dense structure. Dissolution on the
surface due to the electrochemical reaction of the electrolyte under higher temperature
resulted in pore opening and widening. Additionally, the porosity of the AAO film was
increased due to increase in the electrolyte temperature, as seen in Figure 4.24 on page 62.
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Figure 4.22 FE-SEM images of structure of AAO film of A6061 with different electrolyte
temperatures, a) 20˚C, b) 30˚C, c) 40˚C.
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Figure 4.23 Changes of oxide grain size of AAO film during anodizing process with
different electrolyte temperatures.
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Figure 4.24 Changes of porosity on AAO film during anodizing process with different
electrolyte temperatures.
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4.3.3 Morphology of AAO Film
As shown in Figure 4.25 on page 64, there are various changes in the
morphological characteristics of the samples depending on electrolyte temperature. The
film surface produced at 20˚C has an uneven structure compare to the surface at
electrolyte temperatures of 30˚C and 40˚C. The results indicate that the higher the
electrolyte temperature, the smoother the surface. The changes of grains size and wall
thickness on AAO film depending on an electrolyte temperature lead to determination of
the morphological characteristic of AAO film surface. The sample surface developed at
an electrolyte temperature of 20˚C was uneven. The surface created at 30˚C had a
definitely a smooth structure. The morphology of AAO film fabricated at lower
temperatures was rougher than that on the oxide film surface at the higher temperature.
The grain size, which is different depending on the electrolyte temperature, has an effect
on the morphological characteristics of the AAO film.
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Figure 4.25 FE-SEM images of AAO film cross section of A356 with different electrolyte
temperatures a) 20˚C, b) 30˚C, c) 40˚C.
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4.3.4 Hardness and Toughness of AAO Film
Figure 4.26 on page 67 shows the relationship between microharness and
electrolyte temperature for Aluminum alloy 6061.The figure shows that A6061 has a
similar tendency as pure aluminum and A356. The microhardness of aluminum alloy
6061samples applied at the different electrolyte temperatures was increased with
increasing electrolyte temperature. The change of microhardness decreased when the
electrolyte temperature was increased. The change in the microhardness on AAO film
showed a greater decrease in the temperature range 20°C to 30°C than in the 30°C to
40°C range. Figure 4.27 on page 68 shows that the length of indentation increased with
increasing electrolyte temperature. As previously mentioned, the structure of AAO film
created at a lower electrolyte temperature is dense and composed of small size oxide
grains. Thus, the oxide film surface fabricated at a lower electrolyte temperature has more
material to withstand the impact load of the indenter. The outer surface of AAO film is
easily dissoluble by the electrolyte at higher temperatures. Finally, the AAO film has the
distinct structure of pore opening and widening.
The cracks on the AAO film caused by Rockwell hardness testing, indicate that
the AAO film, initiated at higher electrolyte temperature, was soft. Figure 4.28 on page
69 shows the degree of crack presence in both number and total length of cracks on the
AAO film. Actually, the number of cracks occurred on the surfaces of samples anodized
at 20°C and 30°C were small compared to those of AAO film produced at 40°C, as seen
in Figure 4.29 on page 70. In contrast, the total length of cracks on samples anodized at
20°C and 30°C is relatively large and spread out around indentation, while the surface of
AAO film at 40°C features cracks with short length and cracks that are located around the
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indentation. The results obtained from the preliminary analysis of the total length of
cracks are shown in Figure 4.30 on page 70. The total length of crack on the sample
surface anodized at 40°C showed a sharp decline compared to the length at the lower
temperature.
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Figure 4.26 Changes of microhardness of AAO film of A356 with different electrolyte
temperatures.
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Figure 4.27 Knoop indentations on AAO film of A6061 with different electrolyte
temperatures of a) 20˚C, b) 30˚C, c) 40˚C.
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Figure 4.28 Micrographs of cracks on AAO film of 6061 through Rockwell hardness.
Electrolyte temperatures of a) 20˚C, b) 30˚C, c) 40˚C.
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Figure 4.29 Changes of number of cracks on AAO film of A6061 through Rockwell
hardness.

Figure 4.30 Changes of total length of cracks on AAO film of A6061 through Rockwell
hardness.
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CHAPTER 5 SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS

5.1 Summary and Conclusions
The microhardness and microstructure of the porous anodic alumina oxide film
created by anodizing pure aluminum, A356, and 6061 were measured. In this study, three
values of electrolyte temperature were applied and their effects on the outcomes of the
anodizing process are notable. Microhardness on the AAO film, and the thickness of each
sample were measured in the range 18 through 22μm. A brief summary of the major
finding and conclusions are presented.
The microstructure of AAO films generated in the study was observed using an
FE-SEM. The images obtained show that the size of oxide grains on the AAO films
increased with increasing anodizing temperature. Oxide grains on AAO film at
temperature 40°C were merged together while oxide grains at lower temperature had
distinctive wall thicknesses and a reduced diameter size. The variation in the
electrochemical reaction of ionic movement under the different temperatures leads to the
change the size of oxide grains. The rate of dissolution of aluminum was shown to
increase proportionally following increase in temperature. The porosity calculated with
the data obtained through the analyzed SEM images also increased with increasing
anodizing temperature. The distinctive pattern on AAO film with increasing temperature
was detected and it was found that the nanostructure can be created clearly at 30°C of
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sulfuric acid. The active ion in the high temperature electrolyte bath leads to increasing
the dissolution of aluminum and pore size of the AAO film. In this study, the rate of
dissolution in the electrolyte bath was definitely observed under high anodizing
temperature. The electrolyte temperature is an important factor when determining the
morphological features and microstructure of AAO film during an anodizing process.
The measured microhardness of AAO film gradually deteriorated with increasing
electrolyte temperatures. It is concluded that the decreased pore size of AAO film with
decreasing electrolyte temperature induced the increase in microhardness. In contrast, the
uncertain boundary of the pores due to widening and opening of the AAO film with
increasing temperature, led to the decrease of microhardness. Cracks that occurred on the
AAO film due to the Rockwell hardness test were different depending on the electrolyte
temperature. It was also shown that cracks on the AAO film observed at electrolyte
temperatures of 20°C and 30°C were long spread out around the indentation while
samples anodized at 40°C cracked slightly. The experimental results also show that the
higher the electrolyte temperature, the softer the surface of AAO film. The dissolution of
electrolyte on the aluminum materials occurs at different rate depending on the
electrolyte temperature. As a result, the surfaces of the AAO film showed various levels
of toughness.
The SEM images of the cross section were displayed in order to determine the
degree of roughness of the outer surface of AAO film. The distinctive pattern on the
sample surface observed at high temperature resulted from the increased temperature and
has an influence on the morphological analysis of the AAO film. The AAO film
morphology was caused by the ionic activities in the electrolyte bath. In other words,
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anion close to the aluminum substrate connected to the anode, reacts electrically and
chemically into the anodic oxide film. This leads to a different morphology depending on
electrolyte temperature.
5.2 Recommendations
While the microstructure of AAO films was observed by using FE-SEM, the
observation of nanostructure on AAO film was not accomplished. This was especially
true of the nanostructure on samples anodized at an electrolyte temperature of 30°C
whose observation require high magnification to demonstrate the ordered nano pores.
When the conductive coating is applied due to the non-conductivity of the AAO film, it is
necessary to define the proper procedure for coating the surface by adjusting the height
and voltage. When even a few nanometers of Au-Pd are added to the surface, this could
possibly interfere with the pores in the tens of nanometers range. Because AAO films are
composed of highly ordered pores with tens to few hundred nanometers, it is very
important to detect the nano size of the pores with the stability condition. It is therefore
recommended to study and understand to use the equipment to conduct measurement at
the nano level and thus obtain more accurate result.
The goal in this research was to analyze the effect of electrolyte temperature on
mechanical properties of AAO films. For future work, it is recommended that more time
be spent to better define the goals and objectives of the research in relation to
applications. In this study, the electrolyte temperature and etching time during
pretreatment as control parameters were chosen to investigate the effect on mechanical
properties of the AAO film. However, the study showed that changes of reflectance of the
AAO film caused by different etching time had little to do with mechanical properties.
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Additionally, anodizing is not only for aluminum, but can be also applied to other
materials, such as titanium and magnesium. Therefore, it is recommended that in the
future a similar study such as this be conducted using materials other than aluminum.
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